Abstract: Glucosinolates (GSs) play an important role in plant defense systems and human nutrition. We investigated the content and composition of GSs in the shoots and roots of seven cultivars of pak choi. We found that 'Si Yue Man' had the highest total and aliphatic GS contents in the shoots and the highest benzenic GS content in the roots, 'Shanghai Qing' contained the highest amounts of benzenic and total GS contents in the roots, while 'Nanjing Zhong Gan Bai' had the lowest benzenic, indole, and total GS contents in both the shoots and roots. Therefore, the 'Si Yue Man' cultivar appears to be a good candidate for future breeding. Variation between the shoots and roots was also examined, and a significant correlation among the total, aliphatic, and some individual GSs was found, which is of value in agricultural breeding. GS concentrations of the leaf, petiole, and root increased dramatically during the period of rapid growth of the dry matter of the plant 10 to 20 d after transplantation, reaching peak values on Day 20 and decreasing on Day 25. We conclude that the pak choi should be harvested and consumed from 20 to 25 d after transplantation to take advantages of the high GS content in the plant.
Introduction
Glucosinolates (GSs) are a group of nitrogenand sulfur-containing secondary metabolites found mainly in plants of the Brassicaceae family (Fahey et al., 2001; Agerbirk and Olsen, 2012) . They have a common basic structure comprising a β-D-thioglucose group, a sulfonated aldoxime moiety, and a variable side chain derived from amino acids, and are grouped into aliphatic, benzenic, and indole GSs by the structure of their side chains (Halkier and Gershenzon, 2006) . GSs are chemically stable until being hydrolyzed into a variety of biologically active products catalyzed by endogenous or exogenous myrosinases (Halkier and Gershenzon, 2006) . The breakdown products of GSs have lots of biological functions related to human health and nutrition, such as flavoring Brassica vegetables and preventing cancer, and related to plant defense systems, such as deterring herbivores and pathogens (Hecht, 2000; Mithen et al., 2000; Wittstock and Gershenzon, 2002; Padilla et al., 2007) . GSs and their hydrolysis products have strong anticancer effects (Latte et al., 2011) . For example, sulphoraphane, the isothiocyanate breakdown product of glucoraphanin, has been shown to inhibit Phase I carcinogenic activation enzymes and induce Phase II detoxification enzymes (Kim and Milner, 2005) . The chemoprotective effects of isothiocyanates are involved in the modulation of multiple pathways of carcinogenesis such as: (a) protection against environmental factors by targeting xenobiotic metabolism, (b) increasing the antioxidant capacity of cells, and (c) targeting tumour cell growth (Traka and Mithen, 2009) . Similar effects are also produced by the hydrolysis products of indole GSs (Holst and Williamson, 2004) . The 2-phenylethyl GS degradation product, 2-phenylethyl isothiocyanate, is highly toxic to a range of soil organisms, such as fungi and root-feeding nematodes (Potter et al., 2000; van Dam et al., 2009) . However, some negative aspects of GSs have also been reported. For example, progoitrin is considered to be unsuitable for animal consumption because of its 'antinutritional' and goitrogenic properties (Griffiths et al., 1998) . Thus, GSs have been investigated frequently in relation to their roles in human and animal food consumption and plant defense systems.
Previous studies have shown that, whether in Brassica crops such as B. rapa, B. napus, and B. nigra, or Arabidopsis thaliana, the composition and content of GSs vary considerably among and within species and are regulated both developmentally and environmentally in various organs and tissues (Rosa et al., 1996; Petersen et al., 2002; Brown et al., 2003; Bellostas et al., 2004; Velasco et al., 2007) . Investigations of GS composition and content in B. napus, A. thaliana, and Raphanus raphanistrum during development showed that plants that produce GSs commonly accumulate them in all vegetative and reproductive parts throughout development (ClossaisBesnard and Larher, 1991; Brown et al., 2003; Malik et al., 2010) . These studies have focused mostly on the variation in GSs from seed germination to silique formation during the whole life cycle and aimed to evaluate the synthesis, transport, and degradation of GSs, and their relationship to plant defense. However, as lots of Brassica crops are vegetables important in human consumption, a comprehensive understanding of GS composition and content is important, especially the variation in GSs in vegetative tissues during the long harvest period. Yet, the relevant research is still lacking.
Pak choi (Brassica campestris L. ssp. chinensis var. communis) is a very important Brassica vegetable in East, Northeast, and Southeast Asia. It accounts for 30%-40% of the vegetable production area in China and is widely consumed because of its nutritional bioactive components such as folate, vitamin C, carotenoids, polyphenols, and GSs (Tay and Toxopeus, 1993; Podsedek, 2007; Hanson et al., 2009; Verkerk et al., 2009) . Pak choi is harvested and consumed over a period lasting several weeks from the young seedling to the big shoot stage. Though some studies have described the GS content of pak choi (He et al., 2000; Chen et al., 2008; Verkerk et al., 2009; Yang et al., 2009) , little is known about variation in the GS content among cultivars and organs, especially the variation in GSs during the long harvest period. In the present study, we identified and examined the variation in GS composition and content in pak choi cultivars and organs. The variation in GS content in the leaf, petiole, and root of pak choi at different vegetative growth stages (during the harvest period) was further analyzed. This systematic study will help in selecting pak choi cultivars with high GS content for breeding and in guiding human vegetable consumption.
Materials and methods

Plant growth and sampling
Seven pak choi cultivars (Brassica campestris L. ssp. chinensis var. communis) with different representative characters and which are commonly grown and consumed in southern China were selected to investigate the total and individual GS contents of shoots and roots. They were 'Hangzhou You Dong Er' (HZYDE), 'Zhouye You Dong Er' (ZYYDE), 'Si Yue Man' (SYM), 'Shanghai Qing' (SHQ), 'Nanjing Zhong Gan Bai' (NJZGB), 'Chang Geng Bai' (CGB), and 'Ai Jiao Huang' (AJH). Seeds were germinated and grown in vermiculite for 3 weeks, and then the seedlings with 3-4 true leaves were transplanted into 10-L plastic containers containing aerated fullnutrient solution. The composition of the nutrient solution was as described by Yang et al. (2009) , and the nutrient solutions were changed twice a week. The statistical design was a randomized complete block (RCB) with three replicates of 8 plants each. Plants were harvested after being grown for 2 weeks, and the shoots and roots were harvested separately, immediately frozen in liquid nitrogen, and freeze-dried. After being weighed, the samples were ground into fine powder and stored at −20 °C for analysis.
The 'HZYDE' cultivar was used to further investigate the variation in GSs in various organs at different vegetative growth stages (during the harvest period). Plants at the six-leaf stage were used for the experiment and all plants were in the vegetative stage and did not start to bolt and flower. Plants were grown under the same conditions as above; the leaves, petioles, and roots were harvested separately at 10, 15, 20, and 25 d after being transplanted. Each treatment was replicated independently three times.
Glucosinolate analysis
The composition and content of GSs were determined as described by Yang et al. (2009) , according to the method of Krumbein et al. (2005) with slight modification. Briefly, 0.25 g of sample powder was boiled with 10 ml 70% methanol, and then the supernatant was loaded onto a 1-ml mini-column (JT Baker, USA) containing 500 μl activated diethylaminoethyl (DEAE) Sephadex™ A25 (Amersham Biosciences, Sweden) to de-sulphate overnight with aryl sulfatase (Sigma-Aldrich Co., MO, USA). The resultant desulpho (ds)-glucosinolates were eluted with ultra pure water and identified and quantified by comparison of high performance liquid chromatography (HPLC) retention times, and coupled with an electrospray ionization ion trap mass detector system (Agilent 1100 series, Agilent Technologies, Palo Alto, CA, USA), as described by Krumbein et al. (2005) and Chen et al. (2008) . The amount of each GS was calculated using sinigrin (Sigma-Aldrich Co., MO, USA) as an internal standard and based on the ultraviolet response factors of each compound relative to sinigrin (European Community, 1990; Chen et al., 2008) . The GS concentration was expressed as μmol/g dry weight (DW) of samples.
Statistical analyses
Student's t-tests were used to analyze differences in GS levels between roots and shoots. Pearson correlations were used to analyze correlations of GS concentrations between roots and shoots. Differences in GS concentrations among cultivars were studied using analysis of variance (ANOVA). Data were compared using the least significant difference (LSD) at the 0.05 significance level. The variation in GS composition between the roots and shoots was analyzed by principal component analysis (PCA). All data were visualized using the principal components score and each point represented an individual sample.
Results
GS contents in pak choi cultivars
We detected three individual aliphatic GSs (glucoalyssin, gluconapin, and glucobrassicanapin), three indole GSs (4-methoxyglucobrassicin, glucobrassicin, and neoglucobrassicin), and one benzenic GS (gluconasturtiin) in both the shoots and roots of all the seven cultivars (Tables 1 and 2 ). Significant differences in GS concentrations were found among the seven cultivars (Fig. 1 ). 'SYM' had the highest aliphatic and total GS concentrations in the shoots and the highest benzenic GS concentration in the roots, and 'SHQ' contained the highest benzenic and total GS concentrations in the roots, while 'NJZGB' had the lowest benzenic, indole, and total GS concentrations in both the shoots and roots (Tables 1 and 2) . These results may reflect genotypic differences Regarding the individual GSs, 'SYM' had the highest concentrations of gluconapin (2.350 µmol/g DW) and glucobrassicanapin (1.176 µmol/g DW) in the shoots, and neoglucobrassicin (1.879 µmol/g DW) and 4-methoxyglucobrassicin (1.538 µmol/g DW) in the roots. 'SHQ' and 'SYM' contained the highest root gluconasturtiin concentrations, 12.908 and 10.970 µmol/g DW, respectively.
Differences in GS content between the roots and shoots
All seven individual GSs were present in both the shoots and roots of all seven pak choi cultivars, but in variable concentrations (Tables 1 and 2 ). The total GS concentration was 3.8-fold higher in the roots than in the shoots (13.523 vs. 2.881 μmol/g DW, respectively). PCA showed that root samples clustered far more loosely than shoot samples, indicating that variation in GSs was greater in the roots than in the shoots, suggesting variation in their survival abilities (Fig. 2) . 
Fig. 2 Principal component analysis plot of shoot and root glucosinolate (GS) compositions of seven pak choi cultivars Circles represent shoot samples, and triangles represent root samples
We also explored correlations in GS concentrations between shoots and roots in all the cultivars. Pearson correlation analysis showed that the concentrations of total GSs (Pearson's correlation coefficient r=0.584, P<0.01) and aliphatic GSs (r=0.927, P<0.01) of shoots and roots were quite strongly correlated, while the indole GSs (r=0.173) and benzenic GSs (r=0.395) were not. When analyzed at the level of individual GSs, glucoalyssin (r=0.683, P<0.01), gluconapin (r=0.927, P<0.01), glucobrassicanapin (r=0.851, P<0.01), and 4-methoxyglucobrassicin (r=0.660, P<0.01) contents showed significant correlations between the shoots and roots. Most of the correlated GSs were aliphatic, especially gluconapin, which constituted the majority of the aliphatic GSs.
GS contents at different stages of vegetative growth during the harvest period
The GS content and composition of leaves, petioles, roots, and whole plants of pak choi at different stages of vegetative growth were further analyzed in the 'HZYDE' cultivar. The GS concentrations of all the various organs varied a lot at different stages (Table 3, Fig. 3 ). The aliphatic, indole, benzenic, and total GSs of leaves, petioles, and roots increased rapidly from Days 10 to 20 after transplantation, and then started decreasing on Day 25 (Fig. 3) . The total plant GS concentration increased from 5.009 (10 d) to 13.982 μmol/g DW (20 d) reaching a peak, and then decreased to 9.222 μmol/g DW on Day 25 (Fig. 3a) . However, the concentrations of the indole GSs, 4-methoxyglucobrassicin and neoglucobrassicin, in both the leaves and roots increased continuously during the vegetative growth period (Table 3 ). In addition, the proportions of aliphatic, indole, and benzenic GSs relative to total GSs in the leaves, petioles, roots, and whole plant also changed a lot among the vegetative growth stages. In particular, the proportion of aliphatic GS relative to the total GS increased from 69.316% to 80.693% in the leaves and from 43.144% to 62.073% in the petioles when harvested on Days 10 and 25 respectively after transplantation. In contrast, the corresponding proportion of indole GSs relative to the total GS of leaves and petioles declined (data not shown). These results demonstrate that the total GS increased with the growth stage and reached a peak on Day 20 and the increment was due mainly to the desirable aliphatic GSs, suggesting an optimum harvest and consumption time.
Discussion
GSs are a group of metabolites, whose content and composition vary in different plants and organs. In the present study, we determined the contents of three individual aliphatic, three indole, and one benzenic GS in both the shoots and roots of seven local pak choi cultivars (Tables 1 and 2 ). Significant differences in GS concentrations were observed among the seven cultivars (Fig. 1) . This genotypic variation in GS content in the pak choi cultivars is consistent with previous studies (He et al., 2000; Castro et al., 2004; Kim et al., 2010) . The variation in GS content among the pak choi cultivars may be due to differences in their genetic backgrounds or developmental and environmental regulation (Rosa et al., 1996; Petersen et al., 2002; Brown et al., 2003; Bellostas et al., 2004; Velasco et al., 2007) . GSs play an important role in plant defense systems and human nutrition. The isothiocyanates of aliphatic GSs have beneficial effects on human health and the breakdown products of gluconasturtiin help plants to deter soil organisms (Hecht, 2000; Mithen et al., 2000; Potter et al., 2000; Malik et al., 2010) . We discovered that the cultivar 'SYM' had high levels of shoot aliphatic GSs, especially gluconapin and glucobrassicanapin, and root benzenic and indole GSs. The dry weight data showed that the higher GS content of 'SYM' is not because of a lower dry matter yield (Table 1) . Epidemiological studies have suggested that intake of GSs in cruciferous vegetables, including pak choi, reduces human cancer risks. For example, the gluconapin hydrolysis product, 3-butenyl isothiocyanate, is able to inhibit the growth of tumor cells in vitro by inhibiting proliferation and inducing apoptosis (Nastruzzi et al., 1996; Smith et al., 2004; . Thus, high levels of beneficial GSs indicate that 'SYM' may be a good candidate for breeding new cultivars either for human consumption or plant defense.
In the present study, we also found that the GS concentration was higher in the roots than in the shoots of pak choi, which is in accordance with previous studies of other species (Castro et al., 2004; Kabouw et al., 2010; Malik et al., 2010) . The difference in GS concentration between the shoots and roots was not due to a general difference across all GSs but more to differences within some specific GS types. Aliphatic GSs were predominant in the shoots (Table 1) and their concentration was much higher in the shoots than in the roots, whereas the benzenic GS accounted for the majority of the GSs in the roots (Table 2) , and its concentration, together with indole GSs, in the roots was much higher than that in the shoots. Similar results were observed in other Brassica species and in Arabidopsis thaliana (Vierheilig et al., 2000; Brown et al., 2003; Kabouw et al., 2010) . The higher levels of GS and greater variation in GSs in the roots can be explained by the higher survival pressure that the roots endure in the soil environment where pathogens such as insects and microbes are abundant. The different GSs found in high amounts in the roots may act as defensive compounds to deter the soil organisms (Zangerl and Bazzaz, 1993; Potter et al., 2000; van Dam et al., 2009) .
The correlation between GS concentrations in the shoots and roots may be due to the transport of GSs or their precursors through the phloem and also may be a part of the plant's defense system (Zangerl and Bazzaz, 1993; Merritt, 1996; Brudenell et al., 1999; Chen and Andreasson, 2001; Grubb and Abel, 2006) . The correlation and independence of GS compositions between the shoots and roots could be of value to breeding programs for agricultural practice. For example, plant breeders can increase the root aliphatic and 2-phenylethyl GSs to enhance the plant defenses against soil pathogens, and simultaneously increase the beneficial shoot aliphatic GSs to enhance the dietary and nutrition value for human health. Kabouw et al. (2010) reported that in white cabbage there were no significant correlations among total, aliphatic or indole GSs between the shoots and roots, and that the levels of only two individual GSs, 2-propenyl and 2-penylethyl, were significantly correlated between the shoots and roots. However, we believe that the difference between the two studies may be due to the species difference. White cabbage is a crop of Brassica oleracea var. capitata, while pak choi belongs to Brassica campestris ssp. chinensis, in which 2-propenyl GS is not found. GS concentrations in the leaves, petioles, and roots of the cultivar 'HZYDE' increased during the period from Days 10 to 20 after transplantation, meaning that GS accumulation in this period was faster than dry matter accretion, although both were increasing dramatically (dry matter data not shown). GS accumulation reached its peak on Day 20 and declined on Day 25. The results are consistent with studies in other Brassica species and in Arabidopsis thaliana (Clossais-Besnard and Larher, 1991; Brown et al., 2003; Malik et al., 2010) . While these previous studies also investigated the dynamic change in GSs in plants, they included the whole life cycle, whereas our study focused on the different vegetative growth stages. Dynamic changes in the proportions of different GSs in relation to the total GS concentration are regarded as part of plant development and defense systems (Halkier and Gershenzon, 2006) . The aliphatic GSs have been reported to be related to the flavor and nutrition of Brassica vegetables (Schonhof et al., 2004; Padilla et al., 2007; Podsedek, 2007; Verkerk et al., 2009) , and as people commonly consume the leaves and petioles of pak choi, increasing the aliphatic GS proportion should increase its nutritional value. Thus, we recommend harvesting and consumption of pak choi from Days 20 to 25 after transplantation, because during that period both the dry matter and the beneficial GS concentrations will reach their peaks.
Conclusions
The contents of natural compounds and nutrients in plants usually vary among cultivars and change dynamically in the course of development. In the current study, the variation in GS composition and content among pak choi cultivars was measured and the dynamic changes in GSs during the early growth period (from Days 10 to 25 after transplantation) were examined. The results indicated that the 'SYM' cultivar, which had a high level of beneficial GSs, may be a good candidate for future breeding programs for producing high quality cultivars containing high levels of GSs. We recommend that pak choi be harvested and consumed during the period from Days 20 to 25 after transplantation to take advantages of the highest levels of GSs in the plant.
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